In vitro and in vivo studies have demonstrated enhanced hypoxia and formation of reactive oxygen species (ROS) in the kidney following the administration of iodinated contrast media, which play a relevant role in the development of contrast media-induced nephropathy. Many studies indeed support this possibility, suggesting a protective effect of ROS scavenging or reduced ROS formation with the administration of N-acetylcysteine and bicarbonate infusion, respectively. Furthermore, most risk factors, predisposing to contrast-induced nephropathy, are prone to enhanced renal parenchymal hypoxia and ROS formation. In this review, the association of renal hypoxia and ROS-mediated injury is outlined. Generated during contrast-induced renal parenchymal hypoxia, ROS may exert direct tubular and vascular endothelial injury and might further intensify renal parenchymal hypoxia by virtue of endothelial dysfunction and dysregulation of tubular transport. Preventive strategies conceivably should include inhibition of ROS generation or ROS scavenging.
Introduction
Contrast media-(CM-) induced nephropathy (CIN) is an acute deterioration of renal function following administration of CM in the absence of any other known reason. CIN remains a leading cause of iatrogenic acute kidney injury, accounting for some 10% of in-hospital acute renal failure, despite adherence to protocols of risk assessment and prevention strategies. This reflects the unremitting increase in radiocontrast procedures for computerized tomography and vascular interventions, especially in high risk and elder patients with major comorbidities [1, 2] .
CIN is commonly defined as an increase in serum creatinine concentration >0.5 mg/dL or greater than 25% of its previous value within 3 days after contrast medium administration, in the absence of other different causes [3] . In most cases, after a peak value of renal dysfunction within the 5th day, in which granular casts and a modest proteinuria may appear in urine, plasma creatinine levels return to baseline level by 7 to 10 days; a minority of patients, however, may experience irreversible loss of renal function requiring dialysis and even death [4] .
There are several predisposing factors to the development of CIN (Table 1) . Preexisting renal failure certainly represents the most common condition associated with CIN, with incidence ranging between 5.3% and 30% according to the different studies and, mostly, to the different degrees of renal failure at time of contrast medium administration and to the total amount of CM employed [1, [5] [6] [7] . Indeed, patients with chronic renal failure have defective antioxidant systems [8] and increased oxidative stress associated with inflammation and endothelial dysfunction [9] . A high incidence of CIN is also associated with diabetes (range: 5.7-29.4%); contrary to what is commonly believed, diabetes represents a predisposing factor to CIN only in the presence of chronic renal failure (CRF) since, in patients with preserved renal function, CIN incidence is the same as in nondiabetic patients [10, 11] . It is interesting to note that most of the conditions predisposing Table 1 are associated with "a priori" increased generation of reactive oxygen species (ROS), that threaten oxygen balance and antioxidant systems.
While there is full agreement about the greater nephrotoxicity of high-osmolarity CM compared to others, it is not clear whether isoosmolar CM are less nephrotoxic than low-osmolarity CM, since clinical studies offer controversial results; all CM, however, may determine acute renal damage. Among procedure-related factors, the amount of injected CM is a crucial factor in determining CIN, since ROS generation appears to be strictly proportional to it [12] .
Physiopathology of CIN: Role of Reactive Oxygen Species
CIN is the result of combined hypoxic and toxic renal parenchymal injury; the latter is presumably mediated by reactive oxygen species (ROS). Experimental findings in vitro and in vivo illustrate that renal hypoxia induced by administration of iodinated CM enhances ROS formation within the kidney. Moreover, the protective effect on renal function of ROS scavengers or reduced ROS formation with specific drugs provides indirect evidence that ROS might be involved in the pathogenesis of CIN. Under physiological conditions, tubular transport is associated with ROS formation, mostly in the renal medullary thick ascending limb, where the extremely dense mitochondrial population represents a major source for generation of superoxide anions (O 2 − ) and hydroxyl radicals (OH − ) by NAD(P)H-oxidase [2] . ROS participate in cellular signaling processes and modulate the actions of various messengers and major transcription factors. At medullary tubular level, ROS generation also plays an important role in regulating microcirculation, through its effects on nitric oxide (NO) levels.
Administration of CM markedly decreases renal oxygenation in medullary structures, without reducing tubular reabsorption, as the result of neurohumoral vasoconstrictive stimuli, following the release of prostaglandins and endothelin from endothelial cells exposed to CM. This latter agent is markedly enhanced following radiocontrast studies, due to the activation of endothelin-converting enzyme-1.
This results in altered oxygen balance, leading to depressed activity of mitochondrial scavengers and enhanced formation of ROS. During hypoxia, greater amounts of ATP are hydrolyzed to ADP and AMP, further metabolized to adenosine and inosine by 5 -nucleotidase, and subsequently to hypoxanthine that generates xanthine and hydrogen peroxide (H 2 O 2 ), via xanthine oxidase. The same enzyme also helps xanthine generate uric acid and additional amounts of H 2 O 2 that scavenge NO, further impairing renal medullary microcirculation. ROS and NO interactions play a crucial role in renal oxygenation and in the generation of CIN. Superoxide radicals, in fact, reduce NO bioavailability through the formation of peroxynitrite, further worsening vasoconstriction but also endothelial dysfunction, since in physiologic conditions NO prevents ROS-mediated endothelial cell injury and reduces transport-dependent ROS formation in the medullary thick ascending limbs (mTALs).
Several experimental studies have shown, either directly [13] or indirectly [14] , that administration of CM augments ROS production and renal oxidative stress which, in turn, mediate the damage to cell membranes leading to cellular apoptosis and necrosis, particularly represented in mTALs and in S3 segments of proximal renal tubules of the outer medulla. The injection of CM, in fact, is associated with an increased renal production of ROS metabolites, like malondialdehyde (MDA) or F2 isoprostane, markers of lipid peroxidation; moreover, the administration of ROS scavengers like allopurinol or superoxide desmutase (SOD) was able to prevent the fall in GFR and renal blood flow after CM [15] [16] [17] . A consistent rise in superoxide anion content (80%) was also noted in salt-depleted uninephrectomized rats subjected to indomethacin, an experimental model used in rodents to elicit CIN [18] .
Clinical studies show similar findings. The urinary excretion of F2 isoprostane was greatly increased in patients undergoing coronary angiography [19] and further enhanced (3-fold increase) in patients with stable chronic renal failure [20] . Urinary xanthine, an end-product in ROS formation, was also increased in patients administered high-osmolar contrast agents, confirming the role of adenosine degradation in generating ROS [21] . Finally, a 2-fold rise in urinary 3-nitrotyrosine, a stable metabolite of peroxynitrite, was recorded immediately after coronary angiography, proportional to the amount of injected CM. This implies that CM administration generates superoxide anions, with subsequent formation of peroxynitrite through a chemical interaction with NO, that inactivate the NO-dependent vasodilatation.
Taken together, both animal and human studies clearly show that ROS generation is enhanced following contrast studies, highlighting their role in the pathogenesis of CIN. Experimental "in vitro" studies, conversely, using LLC-PK1, MDCK, or HEK cells (representing both proximal and distal tubular cells) could not clearly demonstrate a direct role of CM in generating ROS, since in most of these experiments hydrogen peroxide, superoxide anion, or MDA levels were not increased after CM, despite the fact that cellular necrosis and apoptosis were observed, nor could addition of scavengers attenuate the extent of tubular cell damage [22] , with the exception of a study in which high concentrations of CM were employed [23] . Recently instead an in vivo and in vitro assessment of pathways involved in CM renal cells apoptosis study of Quintavalle group conclude that CM-induced tubular renal cells apoptosis represents a key mechanism of CIN [24] .
The discrepancy with "in vivo" data mostly relies on the different environment in which tubular cells are cultured, far away from that observed in patients.
Nonetheless, cellular studies offer the unique opportunity to evaluate the activation of intracellular signaling pathways involved in cellular apoptosis or necrosis, in the attempt to develop specific therapies to be used in vivo [25] . Recent studies have clarified these aspects either in primary human tubular cells or in HK-2 cells exposed to different types of CM. All the CM determined a decreased cell viability, secondary to a reduced activation of Akt and of ERK 1/2, both playing a pivotal role in cell survival/proliferation, which was substantially alleviated by transfecting the HK-2 cells with a constitutively active form of Akt [26] . In HK-2 cells, it has also been shown that CM affect the activation/deactivation of transcription factors, like FoxO3a and STAT3, which control the genes involved in apoptosis and cell proliferation [27, 28] .
Preventive Strategies on ROS Formation
In these last years, in the attempt to reduce the incidence of CIN, greater attention has been devoted to the use of lowor isoosmolar agents at reduced doses, to the use of specific infusion protocols to hydrate patients, to the elimination of coexisting nephrotoxic agents, and to careful selection of patients. Nevertheless, CIN remains a major adverse iatrogenic complication through the use of CM [2] . Clinical studies conducted over the last decade, contributed to a large extent to the recognition of ROS as major determinants in the pathogenesis of CIN: interestingly, clinical trials aimed to prevent ROS damage in CIN, have preceded experimental studies of CIN models, mostly because some antioxidant agents like N-acetyl-cysteine (NAC) are cheap and harmless in high-risk patients with preexisting renal failure; experimental studies came much later with the attempt to assess the molecular basis of protective mechanisms and to shed light on new therapeutic options.
NAC is a thiol-containing antioxidant able to permeate cell membranes that acts as a cysteine donor for de novo cytosolic glutathione synthesis; in vitro studies have shown the ability of NAC to protect in a dose-dependent fashion cultured renal tubular cells incubated with high concentrations of low-and isoosmolar CM [23] .
Tepel et al. first reported that administration of NAC was able to drastically reduce the risk of CIN: in a randomized, prospective study 83 patients with chronic stable renal failure undergoing CT scans were enrolled and pretreated with NAC or placebo. The incidence of CIN, defined as a rise in plasma creatinine >0.5 mg/dL within 48 hours, resulted only in 2% of NAC-treated patients, compared to 21% of the placebo group [29] .
The efficacy of NAC in CIN prevention was questioned by a number of subsequent clinical trials and meta-analyses showing opposite results [3, 30, 31] , suggesting that NAC efficacy could not be clearly proven taking into consideration the patients' heterogeneity of these studies and the impossibility to control several confounding factors, like patients' comorbidities, type of radiologic procedures, CM type and dosage, hydration protocols, doses of NAC, and its timing and mode of administration [32] [33] [34] [35] [36] . Nevertheless, given its low toxicity and based on few large, randomized prospective trials, NAC is currently included in prophylactic regimens in high-risk patients with impaired renal function [37] [38] [39] .
NAC pretreatment is also able to improve renal blood flow, as shown in rats, through a direct renal vasodilation [2] and to attenuate the decline in renal medullary blood flow following CM increasing renal PGE2 and renal cortical NO, but renal parenchymal isoprostane was only marginally influenced [19, 40] ; similarly, in patients undergoing coronary angiography, NAC pretreatment did reduce the decline in urinary NO end-products but did not affect lipid peroxidation, evaluated by urinary isoprostane.
This could suggest that NAC enhances eNOS activity and NO generation, but its renal protection could be dissociated from its antioxidant effect.
Bicarbonate infusion has also been proposed as a renoprotective factor in patients undergoing contrast studies; the rationale is that the alkalization might reduce the formation of hydroxyl radicals from hydrogen peroxide and of peroxynitrite. Although the increase of extracellular pH may ameliorate ROS-mediated proximal tubular injury in vitro [40] , the impact of bicarbonate on tubular intracellular pH and ROS generation has never been evaluated.
In 119 patients with chronic renal failure, randomized to bicarbonate or saline, Merten et al. have reported a protective effect of sodium bicarbonate infusion on CIN: its solution (1.4%), given as a bolus either 1 hour before CM and for 6 hours after the procedure, was able to attenuate the incidence of CIN compared with the control saline treated patients [41] .
In a large prospective study in patients with chronic renal impairment undergoing coronary interventions, the combined administration of NAC and bicarbonate was superior to NAC alone, independent of whether ascorbic acid was present [36] : the incidence of CIN in the former group was 1.9% as compared with 10% in the other group. Other clinical trials with bicarbonate in patients with renal impairment, however, showed conflicting outcomes [42] [43] [44] [45] [46] [47] [48] [49] [50] .
The results of repeated meta-analyses, however, consistently demonstrate a better outcome with bicarbonate infusion compared to saline-hydration, with a 50% reduction in CIN incidence [51] [52] [53] [54] , despite the aforementioned heterogeneity of data concerning patients' and procedurerelated variables.
Most recently the results of the BOSS trial, which compared sodium bicarbonate and saline for the prevention of a composite of death, renal replacement therapy, or progressive kidney failure over 6 months in patients undergoing any type of angiography, showed no difference on the primary composite endpoint in two group (14.8% in the bicarbonate group versus 16.3% in the saline group, = NS) [55] .
A report in patients with chronic renal failure has suggested that the antioxidant probucol may also prevent CIN (8% incidence in probucol-treated patients versus 15%) [56] , and few additional studies using ascorbic acid as an antioxidant provided conflicting results [37, [57] [58] [59] ; a greater number of observations are needed to confirm the efficacy of these substances in preventing CIN.
A further approach to CIN prevention is offered by inhibition of tubular carbonic anhydrase, that results in bicarbonaturia and alkaline urine that might attenuate ROS attack at the apical membrane of tubular epithelium; interestingly, acetazolamide administration ameliorated renal dysfunction in a CIN rat model [60] , a result confirmed in children with renal failure undergoing radiocontrast studies and treated with acetazolamide: the rise in urine pH completely prevented the onset of CIN that, conversely, appeared in the 8% of patients treated with bicarbonate [61] ; it is noteworthy that acetazolamide prophylaxis is not associated with systemic alkalosis.
To date, however, the real impact of bicarbonate and acetazolamide on tubular intracellular pH and ROS formation during CM administration has not been evaluated.
Data on other drugs effective in reducing CIN potentially by reducing ROS, like statin and ascorbic acid, remain controversial, but recent data suggest that a single high loading dose of atorvastatin administered within 24 hours before CM exposure is effective in reducing the rate of CIN patients at low to medium risk [62] .
More recently, our research group evaluated whether a novel isoform of a recombinant Manganese SOD (rMn-SOD) could provide an effective protection against CIN: this molecule shares the same ability of physiological SODs in scavenging reactive oxygen species (ROS) but differs from extracellular SODs in that it enters inside the cells after its administration thanks to the presence of a peculiar leader peptide that allows the internalization of the molecule.
We studied the effects of rMnSOD on oxidative damage in a rat model of CIN in uninephrectomized rats; in normal rats, pretreatment with rMnSOD reduced renal superoxide anion production, induced by the activation of NAPDH oxidase, by 84% ( < 0.001). In rats treated with high-osmolarity CM, ROS production was almost doubled compared to normal placebo-infused rats ( < 0.01) but returned to normal values in rats pretreated with rMnSOD, where a significant increase of SOD activity was detected (+16% versus CMtreated rats, < 0.05). Renal hemodynamics confirmed that the administration of CM determined a striking fall of GFR in CM-treated rats (−70%, < 0.001 versus untreated rats), greatly blunted by rMnSOD administration (−28%, < 0.01); administration of CM was associated with presence of both tubular necrosis and intratubular casts, that were both greatly reduced in SOD-treated rats (both < 0.01). Our conclusions indicate that the scavenging activity of rMnSOD was able to reduce renal oxidative stress and to prevent the reduction of GFR and the renal histologic damage that follows CM administration [63] .
In summary, experimental and clinical trials, using NAC, bicarbonate infusion, Probucol, acetazolamide, and rMn-SOD seem clearly to suggest that ROS are involved in the pathogenesis of CIN. Nevertheless, whether the efficacy of these interventions are related to ROS antagonism or to the modification of oxygen availability is yet to be defined.
Conclusions
The pathogenesis of CIN is a paradigm of hypoxic-toxic injury, involving altered renal microcirculation, hypoxia, and ROS-mediated cellular injury. Hypoxic damage develops especially in high-risk patients, in whom renal protective mechanisms, which maintain renal medullary oxygen balance and prevent ROS generation and action, are hampered.
Formation of ROS likely results from the evolving hypoxia and reoxygenation, activating a feed-forward loop of endothelial/vascular dysfunction, upregulation of tubular transport, and the induction of oxygen-consuming reparative mechanisms, with consequently intensified hypoxia. By interfering with hypoxia-adaptive cell responses, ROS might further intensify renal parenchymal injury and dysfunction. Improvement of renal medullary oxygenation and inhibition of ROS formation or ROS scavenging are, therefore, reasonable therapeutic interventions in the prevention of CIN. However, the protective properties attributed to NAC and to bicarbonate infusion or ROS scavenger agents and their putative action through defusing oxidative stress have yet to be established.
